Objectives This study aimed to model the population pharmacokinetics of intravenous paracetamol and its major metabolites in neonates and to identify influential patient characteristics, especially those affecting the formation clearance (CL formation ) of oxidative pathway metabolites. Methods Neonates with a clinical indication for intravenous analgesia received five 15-mg/kg doses of paracetamol at 12-h intervals (\28 weeks' gestation) or seven 15-mg/kg doses at 8-h intervals (C28 weeks' gestation). Plasma and urine were sampled throughout the 72-h study period. Concentration-time data for paracetamol, paracetamol-glucuronide, paracetamol-sulfate, and the combined oxidative pathway metabolites (paracetamol-cysteine and paracetamol-N-acetylcysteine) were simultaneously modeled in NONMEM 7.2. Results The model incorporated 259 plasma and 350 urine samples from 35 neonates with a mean gestational age of 33.6 weeks (standard deviation 6.6). CL formation for all metabolites increased with weight; CL formation for glucuronidation and oxidation also increased with postnatal age. At the mean weight (2.3 kg) and postnatal age (7.5 days), CL formation estimates (bootstrap 95% confidence interval; between-subject variability) were 0.049 L/h (0.038-0.062; 62 %) for glucuronidation, 0.21 L/h (0.17-0.24; 33 %) for sulfation, and 0.058 L/h (0.044-0.078; 72 %) for oxidation. Expression of individual oxidation CL formation as a fraction of total individual paracetamol clearance showed that, on average, fractional oxidation CL formation increased \15 % when plotted against weight or postnatal age. Conclusions The parent-metabolite model successfully characterized the pharmacokinetics of intravenous paracetamol and its metabolites in neonates. Maturational changes in the fraction of paracetamol undergoing oxidation were small relative to between-subject variability.
Introduction
Paracetamol (N-acetyl-p-aminophenol, acetaminophen) is used to manage mild-to-moderate pain in neonates [1, 2] . Intravenous formulations of the drug have recently become available but have rapidly been adopted into clinical practice for applications in which enteral delivery is unsuitable, such as postoperative analgesia [3] . Several neonatal studies have characterized the pharmacokinetics of intravenous paracetamol [4] [5] [6] [7] .
Paracetamol primarily undergoes hepatic elimination, so markers of hepatic maturation and function are critical for explaining between-subject variability (BSV) in paracetamol pharmacokinetics [4-6, 8, 9] . Metabolism also plays a key role in paracetamol-induced hepatotoxicity, which is a principal safety concern [10, 11] . The non-toxic products of glucuronidation and sulfation are efficiently excreted in urine, but paracetamol also undergoes oxidation by cytochrome P450 (CYP) enzymes, predominantly CYP2E1, to form the reactive intermediate N-acetyl-p-benzoquinone imine (NAPQI). This electrophile can be detoxified by conjugation with glutathione, and rapid, subsequent metabolism of paracetamol-glutathione produces paracetamolcysteine and paracetamol-N-acetylcysteine. However, sufficiently high doses of paracetamol will saturate the glutathione detoxification pathway. Excess NAPQI binds covalently to hepatic proteins, and toxicity is thought to result from a combination of the inactivation of critical hepatic proteins and oxidative stress [12, 13] .
Previous studies have shown that body weight is the principal predictor of intravenous paracetamol pharmacokinetics in neonates [4, 7] . These findings support implementation of a parsimonious neonatal dosing regimen based solely on equivalent per-kilogram dosing, without a requirement for different doses or dosing intervals dependent upon gestational or postmenstrual age [4] ; however, these studies only used pharmacokinetic data for the parent drug, which may not reflect maturational differences in the pharmacokinetics of hepatotoxicity-associated metabolites. Unfortunately, neonatal pharmacokinetic data for paracetamol metabolites remain scarce across all routes of administration, and previous studies that have incorporated metabolite data focused only on glucuronide and sulfate conjugates [6, [14] [15] [16] [17] [18] .
The aim of this study was to develop a parentmetabolite population pharmacokinetic model for intravenous paracetamol in neonates to (1) estimate pharmacokinetic parameters for all major metabolic pathways of paracetamol, (2) quantify BSV in metabolite pharmacokinetics, and (3) identify patient characteristics (covariates) that influence metabolite pharmacokinetic parameters, with a particular focus on formation clearance of the oxidative pathway metabolites (paracetamol-cysteine and paracetamol-N-acetylcysteine).
Methods

Ethics Approval and Study Registration
This was a prospective, single-center, open-label pharmacokinetic study, which was approved by the Institutional Review Board at the Children's National Health System (Washington, DC, USA) and was conducted in accordance with good clinical practice. Written informed consent was obtained from a parent or legal guardian prior to study inclusion. The study was registered at ClinicalTrials.gov (NCT01328808).
Study Population
Patients \28 days' postnatal age with an indwelling arterial line and a clinical indication for intravenous analgesia who were admitted to intensive care units at the Children's National Health System were considered for inclusion.
Exclusion criteria were severe asphyxia, grade III or IV intraventricular hemorrhage, major congenital malformations or facial malformations (e.g., cleft lip and palate), neurological disorders, receipt of neuromuscular blockers, and hepatic or renal failure, including systemic hypoperfusion. Hepatic and renal failure were defined, respectively, by the presence of abnormal serum liver enzyme levels or abnormal serum creatinine levels for a given gestational and postnatal age.
Dosing and Sampling Schedule
Intravenous paracetamol (Ofirmev, 10 mg/mL; Mallinckrodt Pharmaceuticals, Dublin, Ireland) was administered by 30-min infusions at 15-mg/kg per dose. Detailed dosing and pharmacokinetic sampling schemes are provided in Fig. S1 , Electronic Supplementary Material. Neonates \28 weeks' gestation received five doses at 12-h intervals; neonates C28 weeks' gestation received seven doses at 8-h intervals. Blood samples (0.2 mL) were obtained from arterial lines over the 24 h following the first and final paracetamol doses. Patients were randomly assigned to one of two blood sampling schedules, each consisting of nine to ten collection times. Blood was collected in sodium heparin Vacutainer tubes (BD, Franklin Lakes, NJ, USA) and centrifuged for 10-15 min at 15009g at 4°C. Plasma was transferred to cryovials and stored at -70°C. Urine samples were collected via indwelling catheter (postoperative patients) or from gel-free study diapers (procedural patients; Cuddle Buns Preemie diapers, Small Beginnings Inc., Hesperia, CA, USA) at 3-to 4-h intervals over the 24 h following the first and final paracetamol doses. For samples collected via diaper, urine volume was estimated from the pre-and post-collection difference in diaper weight. Urine samples were not collected from diapers with stool contamination. After urine sample volumes were recorded, 3-to 5-mL aliquots were stored at -70°C. Study samples were shipped on dry ice to the Center for Human Toxicology at the University of Utah and stored at -80°C prior to analysis.
Analytical Methods
Plasma and urinary concentrations of paracetamol, paracetamol-glucuronide, paracetamol-sulfate, paracetamolcysteine, and paracetamol-N-acetylcysteine were determined by high-performance liquid chromatography-tandem mass spectrometry according to previously reported methods [19] . Mean intra-and inter-assay accuracy ranged from 85 to 111 %, and intra-and inter-assay imprecision did not exceed 15 % coefficient of variation (CV). In plasma, the lower limit of quantification (LLOQ) was 0.05 mg/L for paracetamol, paracetamol-glucuronide, and paracetamol-sulfate, and 0.01 mg/L for paracetamol-cysteine and paracetamol-N-acetylcysteine. In urine, the LLOQ was 0.2 mg/L for paracetamol, 1 mg/L for paracetamol-glucuronide and paracetamol-sulfate, and 0.1 mg/L for paracetamol-cysteine and paracetamol-N-acetylcysteine. One plasma sample (\1 %) and two urine samples (\1 %) were excluded because all analytes were \LLOQ. Three plasma samples (1 %) had paracetamol-N-acetylcysteine concentrations \LLOQ, and two urine samples (\1 %) had one analyte \LLOQ (paracetamol or paracetamol-glucuronide); values of LLOQ72 were used in these instances [20] .
Base Model Development
All concentrations were expressed in paracetamol equivalents (mg/L) via conversion based on molecular weights. Following conversion to paracetamol equivalents, paracetamol-cysteine and paracetamol-N-acetylcysteine concentrations for each sample were summed to approximate the total concentration of metabolites derived from CYPmediated oxidation. The parent-metabolite pharmacokinetic model was developed using NONMEM 7.2 (ICON Development Solutions, Hanover, MD, USA) interfaced with PsN 4.4.0 (psn.sourceforge.net) and Pirana 2.9.0 (pirana-software.com). Urinary concentrations and urine sample volumes were included as NONMEM data items so that the software program could scale appropriately to urinary amounts [21] . Population parameters were estimated using the first-order conditional estimation with interaction method and the ADVAN6 subroutine. The number of significant digits required for convergence (NSIG), predicted values (TOL), and the objective function (SIGL) was set, respectively, to 2, 6, and 6 [22] . Processing and visualization of NONMEM output were performed in R 3.2.1 (CRAN.R-project.org). During covariate analysis, nested models were compared using the objective function value (OFV). At all other stages of development, model discrimination was based on the Akaike information criterion (AIC) [23] .
A schematic of the base structure for the parentmetabolite pharmacokinetic model is shown in Fig. 1 . The structural model incorporated the rate and duration of the intravenous paracetamol infusion. Paracetamol, paracetamol-glucuronide, paracetamol-sulfate, and the combined oxidative pathway metabolites (paracetamol-cysteine and paracetamol-N-acetylcysteine) were each modeled with a single plasma compartment and subsequent urinary compartment. Similar structural models have been employed to describe the pharmacokinetics of intravenous paracetamol and its metabolites in adult surgical patients [24] and in women during the peripartum period [25] . One-compartment distribution of paracetamol was considered appropriate based on previous work with parent drug data from the same dataset [7] . All formation (hepatic) and renal clearances were modeled as first-order processes. The model structure required the assumption that the pathways illustrated in Fig. 1 account for all elimination of paracetamol and its metabolites. In total, the model was defined by eight differential equations and eleven pharmacokinetic parameters.
Random effects were classified as BSV or residual unexplained variability (RUV). Individual pharmacokinetic parameters were assumed to be log-normally distributed, and BSV was modeled exponentially (Eq. 1):
where P i is the individual pharmacokinetic parameter, h pop is the population value for P, g i is the between-subject random effect on P for individual i, and g i is normally distributed with a mean of zero and a variance of x 2 . Additive, proportional, and combined additive and proportional functions were tested for incorporation of RUV [26] .
Covariate Analysis
Potential covariates included current body weight, postnatal age, postmenstrual age, indication (postoperative or procedural), sex, race (Caucasian or African American), ethnicity, occasion (first or second), urine flow rate, and estimated glomerular filtration rate (GFR). The first and second occasions were defined, respectively, as B and [42 h after the first paracetamol dose. The urine flow rate covariate was allowed to change over time within each individual, and average flow rate for each 3-to 4-h urine sample was calculated by dividing the sample volume (mL) by the time elapsed during sample collection (h). Estimated GFR was calculated from body length and serum creatinine (modified kinetic Jaffe method) using the updated Schwartz formula [27] . Laboratory samples were obtained within 24 h prior to the first paracetamol dose or during the pharmacokinetic sample collection period. Serum creatinine concentrations obtained at B3 days' postnatal age reflect maternal renal function and were excluded from analysis. During covariate analysis, subjects with missing information for a covariate undergoing evaluation were excluded from both the base and covariate models being tested.
Owing to the large number of potential covariate-pharmacokinetic parameter combinations, only the most physiologically relevant covariate-parameter pairs were considered. Categorical covariates were considered for inclusion using proportional shift models (Eq. 2):
where P i is the individual pharmacokinetic parameter, h pop is the population value for P when the categorical indicator variable COV i is 0, h cov is the proportional change in h pop when COV i is 1, and g i is the between-subject random effect on P for individual i. Current body weight, postnatal age, postmenstrual age, indication, and sex were tested on all pharmacokinetic parameters. For these covariates, continuous variables were normalized to population mean values and tested for inclusion in a power function (Eq. 3):
where P i is the individual pharmacokinetic parameter for an individual with covariate value COV i , h pop is the population value for P when COV i equals the mean covariate value COV mean , h cov is the covariate effect, and g i is the between-subject random effect on P for individual i. Given the potential for genetically mediated differences in paracetamol metabolism [28, 29] , race and ethnicity were tested on all metabolite formation clearances (Eq. 2). Fig. 1 Schematic of the structural pharmacokinetic model for paracetamol and its metabolites in plasma (circles) and urine (squares). All formation and renal clearances were modeled as firstorder processes. C P , C G , C S , and C O represent, respectively, plasma concentrations of paracetamol, paracetamol-glucuronide, paracetamol-sulfate, and the combined oxidative pathway metabolites (paracetamol-cysteine and paracetamol-N-acetylcysteine); A P , A G , A S , and A O represent, respectively, urinary amounts of unchanged paracetamol, paracetamol-glucuronide, paracetamol-sulfate, and the oxidative pathway metabolites; V P , V G , V S , and V O represent, respectively, volumes of distribution for paracetamol, paracetamolglucuronide, paracetamol-sulfate, and the oxidative pathway metabolites; CL fG , CL fS , and CL fO represent, respectively, formation (hepatic) clearances for paracetamol-glucuronide, paracetamol-sulfate, and the oxidative pathway metabolites; CL RP , CL RG , CL RS , and CL RO represent, respectively, renal clearances for unchanged paracetamol, paracetamol-glucuronide, paracetamol-sulfate, and the oxidative pathway metabolites Additionally, occasion was tested on all metabolite formation clearances (Eq. 2) because previous work has suggested that upregulation of paracetamol glucuronidation occurs with repeated administration in adults [30, 31] and in neonates [17, 32] . Finally, urine flow rate and estimated GFR were tested on all renal clearances. Based on a previous pharmacokinetic model of paracetamol, paracetamol-glucuronide, and paracetamol-sulfate in infants, an exponential function was used for incorporation of urine flow rate [33] (Eq. 4):
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where P ij is the pharmacokinetic parameter for individual i at time j with urine flow rate UFLOW ij , h pop is the population value for P when UFLOW ij equals the median urine flow rate UFLOW med (6.5 mL/h), h cov is the covariate effect, and g i is the between-subject random effect on P for individual i. Estimated GFR was tested in a mean-centered power function (Eq. 3). Potential covariates were tested using a modified stepwise forward selection procedure followed by stepwise backward elimination. Changes in OFV were considered significant at p \ 0.05 (v 2 distribution, one degree of freedom, DOFV [3.84) during forward selection and p \ 0.01 (DOFV [6.63) during backward elimination [34] . Additionally, covariates were required to provide at least 5 % reduction in BSV or RUV to be added to or retained in the model. The modified forward selection was conducted in a series of rounds. In round 1, weight was tested on all pharmacokinetic parameters and subsequently included on all parameters for which selection criteria were met. In round 2, the remaining covariate-parameter pairs of interest were tested. Round 3 consisted of standard stepwise forward selection using only those covariate-parameter pairs that met selection criteria in round 2. Rounds 2 and 3 were repeated until none of the remaining covariate-parameter pairs met the selection criteria, at which point standard stepwise backward elimination was performed.
Model Refinement
Following covariate analysis, the model was refined by testing the validity of the default assumption that random effects exhibit no covariance. The extent of covariance in BSV terms was assessed by estimating off-diagonal elements of the X matrix. Covariance in RUV terms was evaluated by estimating off-diagonal elements of the R matrix, which required use of the NONMEM L2 data item for designation of multivariate observations [21] . Finally, all covariates included in the model were tested by backward elimination to ensure that covariate criteria were still met after model refinement.
Model Evaluation
A nonparametric bootstrap was performed to assess the stability of the final model and to quantify uncertainty in parameter estimates [35] . Bootstrap datasets (n = 200) were generated in PsN by random sampling with replacement from the original dataset. Visual predictive checks were performed to compare observed plasma concentrations with concentrations obtained from model-based simulation of 1000 datasets [36] . Visual predictive check data were prediction corrected [37] and auto-binned into five or six bins, respectively, over the time following the first and final doses [38] . Additionally, normalized prediction distribution errors (NPDEs) based on 1000 simulations were calculated in NONMEM [39] .
Results
Patients and Pharmacokinetic Observations
Demographic characteristics of the 35 study subjects are summarized in Table 1 . Most patients (66 %) received the first paracetamol dose within 1 week after birth. All of the postoperative patients had surgery for repair of congenital heart defects, most commonly hypoplastic left heart, coarctation of the aorta, transposition of the great vessels, atrioventricular septal defects, or patent ductus arteriosus. Most of these patients had undergone cardiopulmonary bypass during surgery; however, no patients showed evidence of hepatic or renal injury after surgery.
Eight urine samples were contaminated with stool and were not retained for analysis. Drug and metabolite concentrations were available from 266 plasma samples and 352 urine samples. Six plasma samples (2 %) had implausible drug concentrations (e.g., peak concentrations observed at trough collection times) and were excluded from analysis. One additional plasma sample (\1 %) and two urine samples (\1 %) were excluded because all analytes were\LLOQ. Thus, 259 plasma samples (median: 8; range: 3-11 samples/patient) and 350 urine samples (median: 11; range: 2-16 samples/patient) were used to develop the population pharmacokinetic model. Figure 2 shows observed plasma concentrations over time following the first and final paracetamol doses.
Population Pharmacokinetic Model Development
The combined RUV function provided the lowest AIC and was selected for inclusion in the model. Based on covariate selection criteria, weight was incorporated into the final model on all pharmacokinetic parameters, postnatal age was included on formation clearances of paracetamol-glucuronide and oxidative pathway metabolites, urine flow rate was included on all renal clearances, and indication was included on renal clearance of unchanged paracetamol. No subjects had missing information for any of the covariates that met selection criteria, so the final covariate model incorporated data from all study subjects. Final estimates for covariate effects are provided in Table 2 , along with estimates for pharmacokinetic parameters, BSV, RUV, and eta and epsilon shrinkage. Current body weight had a strong influence on all pharmacokinetic parameters. When weight was included on each parameter during round 1 of the modified forward selection process, decreases in OFV ranged from 11.5 to 86.4 and reductions in BSV ranged from 13 to 74 % CV. Urine flow rate was also a highly significant covariate for all renal clearances. In the final model, removal of urine flow rate from each renal clearance produced increases in OFV ranging from 34.0 to 200.3. Effects of postnatal age and indication were more modest than those of weight and urine flow rate. When postnatal age and indication were excluded from the final model, increases in OFV ranged from 10.0 to 20.5 and increases in BSV ranged from 5 to 15 % CV. Incorporation of covariance estimates for all BSV terms (i.e., a full X matrix) improved the model fit compared with the default condition of no covariance (i.e., a diagonal X matrix). Use of a full-covariance structure ensured that critical covariance terms would be included, and any ill effects from unnecessary covariance terms were expected to be minimal [40] . Declined to respond 3 [9] GFR glomerular filtration rate, SD standard deviation a On the day of the first paracetamol dose b Serum creatinine levels obtained at B3 days' postnatal age were considered to reflect maternal renal function and were excluded from analysis c Estimated GFR was calculated using the updated Schwartz formula [27] Given the physiological basis for the parent-metabolite structural model, it was anticipated that covariance of some parameters would be strong. Correlations in BSV for renal metabolite clearances were particularly high, with correlation coefficients ranging from 0.73 to 0.97. Attempting to estimate a correlation near one can cause numerical instabilities and hinder model convergence. To avoid such problems, correlations in BSV for renal metabolite clearances were fixed to one, as previously reported [41] . Renal clearance of paracetamolglucuronide was described in an exponential form (Eq. 1). To fix the correlation between random effects for renal clearance of paracetamol-glucuronide and paracetamol-sulfate to one, renal clearance of paracetamol-sulfate was described as follows (Eq. 5):
where CL RS,i is the individual renal clearance of paracetamol-sulfate, h pop;CL RS is the population value for renal clearance of paracetamol-sulfate, h scale;CL RS is a scale parameter between the variance of CL RG and the variance of CL RS (Eq. 6), and g i;CL RG is the between-subject random effect on renal clearance of paracetamol-glucuronide for individual i. Variance for renal clearance of paracetamolsulfate could then be determined as follows (Eq. 6): 
The same approach was used to fix the correlation between random effects for renal clearance of paracetamol-glucuronide and the oxidative pathway metabolites to one. Model fit suffered slightly when these correlations were fixed (DAIC 13.7); however, this worsening of model fit was considered acceptable in exchange for enhanced model stability and a considerable reduction in the number of model parameters (19 fewer parameters). Final estimates for correlation in BSV are provided in Table 3 . When covariance estimates on RUV terms from multivariate observations were incorporated into the model, the AIC decreased by 1520.4, indicating a substantial improvement in model fit. Once the covariance terms were included, most additive RUV variance estimates approached zero and could be excluded from the model without compromising model fit. Additive RUV components were retained only for plasma paracetamol-sulfate, urinary paracetamol-sulfate, and urinary paracetamol because the model fit worsened significantly when those terms were removed. The correlation between additive RUV for urinary paracetamol and paracetamol-sulfate was particularly high, with a correlation coefficient estimated at 1.0; therefore, this correlation was fixed to one using the approach shown in Eqs. 5 and 6 to stabilize the model. Final estimates for correlation in proportional RUV are provided in Table 4 . NONMEM 7.2 code for the final model, including final equations for each parameter, is provided as an Appendix in the Electronic Supplementary Material.
Model Evaluation
Standard diagnostic plots of observations vs. predictions are provided in Fig. 3 to illustrate the final model fit. Median bootstrap estimates were very similar to point estimates from the final model fit, and bootstrap 95 % confidence intervals demonstrated reasonably good precision for most parameters (Table 2) . Point estimates and bootstrap-derived 95 % confidence intervals are provided in Tables 3 and 4 for correlations in BSV and RUV, respectively. Many BSV correlations were estimated with poor precision (Table 3) ; however, this was not unexpected given the use of a full X matrix. In contrast, correlations in RUV were generally estimated with greater precision than those for BSV, and none of the 95 % confidence intervals crossed zero (Table 4) .
Out of 200 bootstrap runs, 153 (77 %) minimized successfully, and all others failed owing to rounding errors. Bootstrap summary statistics were derived only from successful runs. However, for most of the parameters listed in Tables 2 and 4 , median bootstrap estimates from successful and unsuccessful runs exhibited less than 5 % difference (n = 55 out of 63 parameters, 87 %), and all parameters in Tables 2 and 4 differed by less than 15 %. Discrepancies between successful and unsuccessful runs were more evident for between-subject covariance terms (Table 3) : in a comparison of median bootstrap estimates, most of these parameters differed by greater than 15 % (n = 25 out of 36 parameters, 69 %). It is plausible that rounding errors would tend to occur on unnecessary, poorly estimated between-subject covariance terms, thus generating larger discrepancies between successful and unsuccessful runs. Simulation-based visualizations of model appropriateness were generated with visual predictive checks and NPDEs. Visual predictive checks demonstrated good agreement between observations and model-based simulations for plasma concentrations over time following the first and final paracetamol doses (Fig. 4) . NPDE distributions for plasma compartments showed reasonably good agreement with the expected standard normal distribution, but urinary NPDE distributions deviated slightly from expected values (a panels in Figs. S2-S9, Electronic Supplementary Material). Importantly, there were no strong trends in NPDEs when plotted against time since the first dose, population predictions, or influential covariates (panels b-e in Figs. S2-S9, Electronic Supplementary Material).
Finally, to explore maturational trends in total paracetamol clearance and in the fraction of drug eliminated by the four routes shown in Fig. 1 , typical clearance values were plotted over a range of body weights and postnatal ages (Fig. 5) , and individual clearance estimates for each pathway were expressed as fractions of total individual paracetamol clearance and plotted against influential covariates (Fig. 6 ).
Discussion
In neonates, sulfation of paracetamol predominates, and the present observations on the relative elimination of paracetamol by glucuronidation, sulfation, or renal elimination of unchanged parent drug agree with those from prior neonatal pharmacokinetic studies [6, [14] [15] [16] [17] [18] . One notable strength of this model was incorporation of both plasma and urinary concentrations of paracetamol and metabolites. Such observations made the model structurally identifiable with respect to metabolite volumes of distribution and renal clearances. Volumes of distribution for paracetamol-glucuronide and paracetamol-sulfate were approximately 40 % of parent drug volume of distribution. This trend is logical given the increased hydrophilicity of these metabolites relative to parent drug, and it is consistent with previous estimates for paracetamol-glucuronide and paracetamol-sulfate volumes of distribution obtained from anephric patients [42] . All three renal metabolite clearances were fairly similar (0.10-0.17 L/h), in agreement with a prior study that found little variation between the same parameters in adult surgical patients [24] . Correlations in between-subject variability for CL RG , CL RS , and CL RO were observed to be high and were fixed to one A primary objective of this study was to explore maturational changes in pharmacokinetics of the oxidative pathway metabolites, which serve as markers for the toxic metabolite NAPQI. Weight and postnatal age were identified as covariates that significantly influenced formation clearance of the oxidative pathway metabolites. When weight was incorporated, the OFV decreased by 50.3, and a reduction in BSV of 55 % CV was observed. Inclusion of postnatal age was accompanied by an additional OFV decrease of 20.5 and BSV reduction of 9 % CV. Both weight and postnatal age were also significant covariates on formation clearance of paracetamol-glucuronide. Previous evidence suggests that peripartum or postnatal factors play an important role in initiating hepatic CYP2E1 and UDP-glucuronosyltransferase expression and activity [43] [44] [45] , which is consistent with the present finding that postnatal age was a significant covariate on formation clearances for these pathways, whereas postmenstrual age was not.
Importantly, the amount of toxic NAPQI formed in a given individual depends not only upon that individual's capacity for paracetamol oxidation but also on the relative contributions from all paracetamol elimination pathways. Thus, maturational trends in fractional clearance were explored for each elimination route. On average, the fraction of drug undergoing oxidation increased slightly (\15 %) with increasing weight or postnatal age, but these trends were small relative to BSV (Fig. 6) . Unfortunately, there are no established threshold plasma concentrations of paracetamol-cysteine and/or paracetamol-Nacetylcysteine that are known to be associated with the development of paracetamol-induced hepatotoxicity in humans. In cases of overdose, symptoms of toxicity are generally delayed relative to the time of drug ingestion, and patients usually present for hospital admission long after the time of overdose. Characterization of drug and metabolite pharmacokinetics during the time period immediately following toxic doses is, therefore, immensely challenging. A recent study reported plasma concentrations of combined oxidative pathway metabolites (paracetamol-cysteine plus paracetamol-N-acetylcysteine) of approximately 3-4 mg paracetamol equivalents/L in adult overdose patients on the day of hospital admission; however, most of these patients had ingested the drug days earlier, and the metabolite concentrations declined rapidly over the first day of hospitalization [46] . Thus, during the earlier time period following overdose, plasma concentrations of oxidative pathway metabolites were likely substantially higher than those measured upon admission and also substantially higher than those observed in the present study (Fig. 2) .
In neonates, total clearance of intravenous paracetamol is primarily influenced by body weight [4, 7, 47, 48] , and the present findings expand upon prior knowledge by showing that clearances for all four paracetamol elimination routes were significantly affected by weight. Changes in total paracetamol clearance with increasing postnatal age were also evident but were less pronounced than those for weight (Fig. 5) . Intravenous paracetamol has often been administered more conservatively to less mature neonates (e.g., at wider dosing intervals or in lower per-kilogram doses), but a recent analysis of parent drug pharmacokinetics from the same dataset described herein supports the use of a parsimonious regimen based solely on equivalent per-kilogram dosing [7] . The present findings indicate that such a dosing regimen also appears suitable with respect to the pharmacokinetics of hepatotoxicity-associated metabolites.
A previous infant model reported that renal clearances of paracetamol, paracetamol-glucuronide, and paracetamol-sulfate increased with urine flow rate [33] . In the current study, a similar effect was observed for the oxidative pathway metabolites. Additionally, renal clearance of unchanged paracetamol differed significantly between patients with postoperative and procedural indications. However, this finding should be interpreted cautiously. Key patient characteristics were distributed unevenly across the two groups: compared with postoperative patients, procedural patients tended to weigh less and have lower gestational ages and higher postnatal ages. Urine collection procedures also differed between postoperative and procedural patients (catheter and diaper, respectively). Furthermore, even if this covariate reflects a true physiological effect, it is unlikely to be clinically significant given the low fractional clearance of unchanged drug. The large BSV observed for most pharmacokinetic parameters highlights the importance of continued caution in administering paracetamol to neonates. In the previous pharmacokinetic analysis of only the parent drug, BSV in total paracetamol clearance was 31 % CV [7] , which agrees well with the present estimate of 33 % CV for BSV in sulfation, the predominant elimination pathway. BSV was particularly high for glucuronidation and oxidation (62-72 % CV), as might be expected based on the rapid development of these processes during early life [43, 45] . However, it appeared that BSV in certain pathways might compensate to some extent for BSV in other pathways because the previous estimate of BSV in total clearance (31 % CV) [7] was considerably lower than BSV estimates for glucuronidation and oxidation, even though these pathways contributed substantially to total drug clearance for many of the study subjects. Indeed, the data appear to support this notion of some counterbalancing between extreme BSV values. For instance, across the study population, BSV in formation clearance of paracetamol-sulfate was not significantly correlated with BSV in formation clearance of the oxidative pathway metabolites (Table 3 ), but two subjects did have very low g values for sulfation (ranked in the bottom three) and very high g values for oxidation (ranked in the top four). Future studies should incorporate additional patient information, such as . The dashed red lines depict quasibinomial fits of the data, and the shaded gray regions depict 95 % confidence intervals surrounding the regression curves. Fractional clearances were calculated from individual formation (hepatic) clearance estimates for paracetamol-glucuronide, paracetamol-sulfate, and the combined oxidative pathway metabolites (paracetamolcysteine and paracetamol-N-acetylcysteine) and from the median individual estimates for renal clearance of unchanged paracetamol genetic data, that could further reduce BSV. Urinary RUV also remained fairly high in the final model (Table 2) , which was not surprising given that urine sampling introduces more opportunities for error than plasma sampling (e.g., longer collection period and requirement for records of sample start time, end time, and volume). These urine-specific aspects of sample collection might also have contributed to the relatively high correlations in urinary RUV (Table 4) . Interpretation of these findings is subject to several limitations. First, despite good representation of extremely preterm, preterm, and full-term neonates, the sample size was still relatively small, and conclusions drawn from these results must be tempered by potential limitations based on the distributions of demographic characteristics. For instance, a covariate effect of estimated GFR on renal drug and metabolite clearances seems physiologically plausible, but the power to detect such an effect was likely limited because patients with renal dysfunction were not eligible for enrollment. Additionally, body weight and estimated GFR were strongly correlated (r = 0.71), so the ability to detect a distinct covariate effect from estimated GFR would have been further limited after weight was incorporated into the model. Another limitation is that the model relies on the assumption that all elimination of paracetamol and its metabolites occurs via the pathways illustrated in Fig. 1 , but small fractions of paracetamol and its metabolites are known to undergo biliary excretion in humans [49, 50] . Unfortunately, the present study design did not allow for direct calculation of the fraction of administered dose recovered in urine. Nevertheless, this assumption does not seem unreasonable based on typical estimates for total paracetamol clearance: in the previous pharmacokinetic analysis of the parent drug alone, total clearance was estimated as 0.35 L/h at the mean subject weight of 2.3 kg [7] , and in the present analysis, total clearance estimates obtained by summing the four paracetamol clearance routes were approximately 0.32-0.33 L/h, depending upon indication, at the mean weight of 2.3 kg, mean postnatal age of 7.5 days, and median urine flow rate of 6.5 mL/h ( Table 2) . The model structure also fails to account for NAPQI that covalently binds proteins to form paracetamol-protein adducts. This fraction of NAPQI is expected to be small relative to the amount conjugated by glutathione; nevertheless, future studies could explore this point more thoroughly by testing for covariate effects on the pharmacokinetics of circulating paracetamol-protein adducts. Finally, although this study contributes critical information regarding the pharmacokinetics of paracetamol metabolites in neonates, pharmacodynamic data for paracetamol in this patient population are still lacking [51] .
Conclusions
The reported model successfully characterized the pharmacokinetics of intravenous paracetamol and its metabolites in preterm and term neonates. Formation clearance of oxidative pathway metabolites increased with body weight and postnatal age; however, maturational increases in the fraction of drug undergoing oxidation were small relative to BSV.
